out and body mass as well as height were measured to let us decide whether they were eligible for the study. Finally, they consumed a coffee drink identical to the one they would have to consume for the study in order to familiarize themselves with it and detect any adverse effects.
No such effects were reported. Participants were then asked not to modify their dietary or physical activity habits during the study.
At their second visit, participants underwent body composition and maximal aerobic power assessment. Body composition was estimated through bioelectrical impedance analysis by using a Bodystat 1500 unit (Douglas, United Kingdom). Maximal aerobic power was assessed by a graded test on a Monark bicycle ergometer (Vansbro, Sweden). Subjects started at 60 W (men) or 45 W (women) for 5 min and power was increased by 45 W every 3 min thereafter. When subjects were within 5 bpm of their theoretical maximal heart rate (220 -age), or when it became subjectively obvious that work production was becoming so difficult that a normal increment would cause termination of exercise, increments were limited to 15 W. Subjects were asked to maintain a pedaling frequency of 60 rpm, and the test was terminated when their pedaling frequency fell below 55 rpm. During this test and subsequent exercise trials, heart rate was monitored continuously by a Polar Accurex monitor (Kempele, Finland).
During each of the subsequent four occasions, subjects followed at random one of the protocols described below. Subjects reported to the laboratory in the morning after an overnight fast. They had been asked to abstain from caffeine-containing beverages during the previous two days and to record their dietary intake during the previous three days. They were unaware of the specific protocol they were going to follow (except, of course, for the last occasion). Each subject provided 10 mL of blood from an antecubital vein into an evacuated test tube while seated at approximately 9 am (taken as 0 time) and then embarked on one of the following protocols ( Fig. 1 ):
Control. Subject remained in a confined area for 12 h with lying, sitting or walking allowed and without taking any food except water ad libitum and up to one pack of artificially flavored candy or chewing gum in order to combat the feeling of hunger. Subject provided blood samples as described above at 1, 2, 4, 8, and 12 h. Then he/she had a standardized dinner providing 70 kJ/kg body mass in the lab (up to one hour after blood sampling), recorded food intake, left the lab, slept, and fasted until the next morning, when a final blood sample was drawn (at 24 h).
Coffee. Subject ingested 200 mL of warm instant coffee containing 5 mg of caffeine per kg body mass (based on a content of 32 mg caffeine per g coffee determined through highperformance liquid chromatography by the manufacturer, Nestlé) and tablets of an artificial sweetener (Nutrasweet ® ) added to taste. Then he/she rested, provided blood samples at 1, 2, 4, 8, and 12 h, had dinner, and provided a final blood sample at 24 h, as described under Control.
Exercise. Subject rested for 1 h, provided a second blood sample, cycled for 1 h at 50-55 % of his/her maximal aerobic power, and provided a blood sample immediately post-exercise (at 2 h). Then he/she rested, provided blood samples at 4, 8, and 12 h, had dinner, and provided a final blood sample at 24 h, as described under Control.
Biochemical analyses. A 0.5-mL aliquot of each blood sample was mixed with EDTA solution to prevent clotting, in order to measure packed cell volume and hemoglobin (on the same day). Another 0.1-mL aliquot of the 0-, 1-and 2-h samples of each protocol was precipitated with 0.3 mol/L HClO 4 to determine lactate in the supernatant (also on the same day). The remaining blood was allowed to clot, and serum was prepared and stored at -20 °C for all other assays.
Packed cell volume was measured by microcentrifugation and by correcting for 4 % plasma trapped among the packed cells (10) . Hemoglobin, lactate, glucose, glycerol, total cholesterol (TC), and HDL-cholesterol (HDLC) were assayed by enzymic photometric methods through the use of reagent kits from Sigma (St. Louis, MO) for glycerol, and Böhringer (Mannheim, Germany) for all other parameters. Individual serum NEFA and TG acyl groups, as well as the acyl group composition of adipose tissue TG, were determined by a combination of thin-layer chromatography and capillary gas chromatography as described (25). Total serum NEFA concentration was calculated as the sum of individual NEFA concentrations, and total serum TG concentration as the sum of individual TG acyl group concentrations divided by 3. All serum TG, TC, and HDLC values at 1-24 h were corrected for changes in plasma volume relative to 0 h, calculated from packed cell volume and hemoglobin as described (10) .
Dietary analysis. Dietary records were analyzed in Microsoft Access by the use of a food database created in our laboratory on the basis of published data (18) .
Statistical analysis. Data were analyzed through the SPSS software. Values are expressed as the mean ± SEM. Body mass at the onset and at the end of the study were compared through paired Student's t test. Energy and nutrient intakes were compared through repeated measures ANOVA. Heart rate, plasma volume, and biochemical parameters were compared initially through three-way (sex × protocol × time) ANOVA with repeated measures on protocol and time. Since no significant interaction and no significant main effect of sex on any of the dependent variables was found, data from both sexes were combined to increase the power of analysis and two-way (protocol × time) ANOVA was performed. Significant differences between protocols or time points were detected by performing simple contrasts.
Linear correlation analysis was done by Pearson product moment correlation. The level of statistical significance was set at α = 0.05.
RESULTS
One male and one female volunteer withdrew from the study before completing all four protocols, because they could not respond to the demands of the experimental design; thus, they were excluded. The characteristics, at admittance, of the thirteen participants who completed the study are presented in Table 1 . By the end of the study their body mass had decreased by 0.8 ± 0.6 kg (not significant).
There were no significant differences among the four protocols in mean daily energy, carbohydrate, fat or protein intake during the three days preceding each protocol (not shown).
Energy intake was 9.51 ± 0.84 MJ and was derived from carbohydrate by 44 %, fat by 41 %, and protein by 15 %. Likewise, there were no significant differences in the above parameters at the dinner on the day of each protocol (not shown). Energy intake from the dinner was 4.69 ± 0.64 MJ and was derived from carbohydrate by 43 %, fat by 41 %, and protein by 16 %.
Subjects obtained 2 ± 1 kJ through the artificial sweetener in their coffee during Coffee and Cof+Ex. From 9 am to 9 pm during each of the four protocols, they obtained 60 ± 12 kJ through the artificially flavored candy or chewing gum, with no significant differences among protocols.
Regarding heart rate during exercise, the interaction of protocol and time was significant (P < 0.05), as was the main effect of time (P < 0.001). Heart rate tended to be higher during exercise without prior coffee ingestion (averaging 146 beats/min) than during exercise after coffee ingestion (averaging 142 beats/min), although the two protocols did differ significantly only at 5 min of exercise (P < 0.05).
Regarding plasma volume (Fig. 2) , the main effects of protocol and time were significant (P = 0.05 and P < 0.001, respectively), while their interaction was not. Plasma volume decreased after coffee ingestion, reaching 94 % of the initial volume at 2 h, and was lower than Control at 1, 2, 4, and 12 h (P < 0.05). There were no significant differences between Control and Exercise or Cof+Ex.
The main effects of protocol and time, as well as their interaction were significant with regard to blood lactate concentration (P < 0.01; Fig. 3 ). Lactate concentration was higher 1 h after coffee ingestion (Coffee or Cof+Ex) as compared to no coffee ingestion (Control or Exercise, P < 0.01). Exercise alone increased lactate, but the increase did not reach statistical significance (P = 0.082 compared to Control at 2 h). The effect of coffee and exercise was additive; the concentration under Cof+Ex at 2 h (2.28 ± 0.32 mmol/L) was significantly higher than that under Exercise (P < 0.05) and marginally non-significantly higher than that under Coffee (P = 0.093).
The interaction of protocol and time as well as both main effects were significant with regard to serum glucose (P < 0.01; Fig. 3 ). Glucose declined gradually during the day under Control (from 4.87 ± 0.10 mmol/L at 0 h to 4.38 ± 0.14 mmol/L at 12 h). Coffee ingestion, with or without exercise, caused a transient increase at 1 and 2 h (P < 0.05 compared to Control), which was highest after the combination of the two treatments (5.35 ± 0.14 mmol/L at 2 h under Cof+Ex). Exercise alone also increased glucose at 2 h (P < 0.05 compared to Control). Glucose decreased 2 h after exercise (i.e., at 4 h) and was not significantly different from Control from that point on. On the contrary, coffee ingestion alone maintained glucose higher than Control up to the 12-h sampling point (P < 0.05).
Concerning glycerol, the main effect of protocol and time as well as their interaction were significant (P = 0.05, P < 0.001, and P < 0.001, respectively; mmol/L at 12 h) and decreased through the next morning. Coffee ingestion caused an increase at 1 h (P < 0.01, Coffee or Cof+Ex vs Control or Exercise). At 2 h, all intervention protocols displayed higher total NEFA concentrations compared to Control (P < 0.01). What is more, the concentration under Cof+Ex (0.97 ± 0.07 mmol/L) was higher than the one under Coffee and Exercise (P < 0.01), implying an additive effect. In addition, total NEFA were higher at 2 h under Exercise compared to Coffee (P < 0.05). Total NEFA remained higher under Coffee, Exercise, and Cof+Ex as compared to Control up to the 8-h sampling point (P < 0.05).
Additionally, the value at 12 h of Exercise (1.05 ± 0.08 mmol/L, the highest observed) was higher than the corresponding values under Control and Coffee (P < 0.05).
The concentrations of the individual serum NEFA (Table 2 ) generally paralleled the changes described above for their sum, although fewer differences were found to be significant. The curves of 16:0 and 18:1ω9 during the four protocols bore the most striking resemblance to the corresponding curves of total NEFA. Those were the most abundant serum NEFA, each accounting for approximately one third of total.
With regard to U/S NEFA, the interaction of protocol and time as well as the main effect of time were significant (P < 0.05 and P < 0.001, respectively; Fig. 4 ), but the main effect of protocol was not. The cumulative U/S NEFA of the four protocols at each time point increased gradually during the day, being higher than 0 h from 2 to 12 h (P ≤ 0.001). Coffee ingestion did not elicit significant changes compared to Control. U/S NEFA at the end of exercise (i.e., at 2 h of Exercise and Cof+Ex) was higher than Control and Coffee (P < 0.05).
U/S NEFA correlated positively with total NEFA concentration (r = 0.58, P < 0.001) and glycerol concentration (r = 0.38, P < 0.001).
Concerning the effect of each treatment on each serum NEFA as a percentage of total, the only significant interactions of protocol and time were found in 16:0, 18:0, and 18:1ω9 (P < 0.01, P < 0.001, and P < 0.01, respectively). In particular, after exercise (with or without prior coffee ingestion) 16:0 decreased compared to Control, but significance was reached only between Exercise and Control (P < 0.05 at 2 h). In contrast, after coffee ingestion the percentage of 16:0 fluctuated only slightly up to 24 h. Τhe percentage of 18:0 was markedly reduced at the end of exercise compared to Control and Coffee (P < 0.01). It is worth mentioning that the decrease of 18:0 under Exercise and Cof+Ex reached 21 and 29 %, respectively, compared to the pre-exercise levels. Finally, the percentage of 18:1ω9 at 2 h under Exercise and Cof+Ex was higher compared to Control (P < 0.05), while there were no differences between Coffee and Control. Table 3 presents the fatty acid composition of adipose tissue TG, which contained predominantly 18:1ω9. Its percentage and the U/S ratio (1.55 ± 0.09) were higher than any corresponding value of serum NEFA. On the contrary, the percentages of 16:0 and 18:0 in adipose tissue TG were lower than any corresponding value of serum NEFA.
Serum TG concentration (Fig. 5 ) decreased during all intervention protocols until dinnertime and then increased on the next morning. The interaction of protocol and time as well as the main effect of protocol were not significant, but the main effect of time was (P < 0.01). On the other hand, neither the interaction nor any main effect was significant with respect to the ratio of U/S TG acyl groups (not shown).
With regard to TC and HDLC, the main effect of time was significant (P < 0.001), while the main effect of protocol and the interaction were not. TC exhibited small and roughly parallel fluctuations under all protocols (not shown); cumulatively for all protocols, it increased by an average of 4 % at 8-12 h compared to 0 h (P < 0.01), and returned to a value that was 2 % below the 0-h value at 24 h (P < 0.05). HDLC followed a similar pattern (not shown), but exhibited higher increases compared to TC; that is, HDLC at 4-12 h was higher compared to 0 h (P < 0.001), reaching a 9 % increase at 12 h, and was 2 % above the 0-h value at 24 h (not significant). As a result, the HDLC/TC ratio (Fig. 6 ) displayed a significant main effect of time (P < 0.001), with the cumulative value of the four protocols at 2-12 h being higher compared to 0 h (P < 0.05). Additionally, a significant protocol-by-time interaction appeared (P < 0.001), owing to the fact that the values at 12 and 24 h under the intervention protocols were higher compared to Control (Coffee, by 3 %; Exercise and Cof+Ex, by 5 %; P < 0.05).
DISCUSSION
The present study emphasized on the effect of exercise and/or coffee ingestion on the profile of serum NEFA and TG for 24 h. To our knowledge, this is the first attempt to characterize the influence of coffee ingestion on the fatty acid profile of either human or animal serum, and the first study that monitored the fatty acid profile of serum for 22 h postexercise. A limitation of our study is the use of serum concentration rather than flux data, which would offer more insight into the mechanisms of the observed effects.
Our data indicate that, compared to the resting state, exercise caused a sustained increase in the serum NEFA concentration that was significant up to the end of the fasting period (10 h post-exercise). The increase in NEFA concentration was accompanied by an increase in their U/S ratio, which was significantly higher than Control immediately post-exercise (in agreement with our previous studies), but not thereafter (shown for the first time). Changes in U/S NEFA with time under all protocols paralleled the corresponding changes in glycerol and NEFA concentrations, supporting the hypothesis that they are due to the stimulation of lipolysis in adipose tissue, whose TG have a higher U/S ratio than serum NEFA. However, other possibilities, such as differences in NEFA clearance, cannot be excluded.
We decided to compare the effect of exercise on the serum fatty acid profile to that of coffee ingestion, since caffeine is a known lipolytic agent and since exercisers, particularly competitive athletes, often include coffee in their diet to take advantage of the potential ergogenic effects of caffeine (33). We chose coffee as vehicle of caffeine since we preferred a dietary rather than pharmacological intervention and since the actions of coffee and pure caffeine have been reported to differ (14) . Furthermore, even though coffee is probably the most common dietary source of caffeine, its effect on human metabolism is much less studied compared to pure caffeine. A dosage of instant coffee equivalent to 5 mg of caffeine per kg body mass was chosen, since this is most often employed in similar studies (e.g., 11) and since it results in urinary caffeine concentrations below the 12 mg/L limit set in doping control (33).
Concerning the exercise stimulus, its intensity and duration were chosen so as to cause considerable lipid mobilization and to be tolerable by the majority of the population.
Coffee ingestion appeared to stimulate lipolysis, as evidenced by the significantly higher serum glycerol concentration at 2 h and the significantly higher NEFA concentration at 1-8 h compared to Control. Increased serum glycerol and NEFA levels after coffee or caffeine NEFA found after the ingestion of caffeine capsules (27), probably due to the different way of caffeine administration. The combination of coffee ingestion and exercise in our study elicited a higher lipolytic response than exercise alone, as evidenced by the glycerol (though not statistically justified) and NEFA concentrations at 2 h. This, along with the fact that glycerol peaked 2 h after coffee ingestion, indicates that it was appropriate to allow 1 h between coffee ingestion and exercise in order to maximize the lipolytic effect.
We found a significant increase in the percentage of the major unsaturated fatty acid, 18:1ω9, and significant decreases in the percentages of the major saturated fatty acids, 16:0 and 18:0, at the end of exercise (with or without prior coffee ingestion). As with the increase in U/S, these changes were in the direction of the composition of the main source of plasma NEFA, that is, adipose tissue TG. The decrease in 16:0 agrees with some studies (25, 38), but disagrees with other studies which found no change (7, 19, 26) . The decrease in 18:0 agrees with all available studies (7, 25, 26, 38) except one, which found no change (19) . The increase in 18:1ω9 agrees with all available studies (7, 19, 25, 26, 38) . Regarding the lack of significant changes in the percentages of the other fatty acids after exercise, this generally agrees with most of the relevant studies, with the exception of 18:2ω6, which has been reported to increase (25), decrease (19, 38) , or remain unchanged with exercise (7, 26) . Data on the kinetics of 12:0 and 20:1ω9 after exercise are presented for the first time. The discrepancies noted above are probably due to differences in mode of exercise, training state, age, and (possibly more importantly) fatty acid composition of the adipose tissue of participants. Nevertheless, it is apparent that some consensus emerges from these studies, that is, after exercise, the percentage of 18:0 decreases, that of 18:1ω9 increases, whereas those of 14:0, 18:3ω3, and 20:4ω6 do not change.
The U/S ratio of serum NEFA increased gradually during fasting, approaching the U/S ratio of adipose tissue TG. Fasting has been shown to increase the life span of mice (30).
Additionally, caloric restriction (which usually involves repeated fasting periods) is known to delay the onset of diseases associated with ageing and extend the life span of a variety of animals (13) . On the other hand, the miscellaneous health benefits of unsaturated fatty acids are well known (29). Whether there is a link between the increase in U/S NEFA during fasting and longevity is an intriguing issue that requires further investigation.
We have determined a number of additional parameters in order to obtain a more complete picture of the effects of exercise and/or coffee on human physiology and biochemistry. The observed tendency of heart rate during moderate exercise to be lower after caffeine ingestion has also been found in one study (31) and, to a smaller degree, in two more (9, 12) , although other studies have failed to detect such an effect (28, 32). The observed decrease in plasma volume after coffee ingestion alone is in accordance with its diuretic action, while the higher plasma volume values calculated after the combination of coffee and exercise confirm the ability of the latter to counteract the dehydrating effect of the former (39).
Blood lactate was significantly higher after coffee ingestion both at rest and post-exercise.
Indeed, the effect of coffee and exercise was additive. This agrees with a study (11) which employed the same dose of caffeine and a similar exercise protocol (60-min walking at 50 % of maximal oxygen uptake). Caffeine has also been found to augment the effect of maximal anaerobic exercise on blood lactate (3, 4, 8) . Therefore, caffeine appears to increase lactate release (although not from the exercising muscles; 15) and/or decrease lactate removal from blood across the full spectrum of exercise intensity.
Serum glucose after coffee ingestion remained significantly higher than Control during the entire fasting period. This is in accordance with findings of decreased insulin-stimulated whole-body and muscle glucose uptake after caffeine administration (21, 36) . The failure of serum glucose to remain significantly higher than Control under Exercise and Cof+Ex, although increased amounts of the same substrates were available as well, is probably due to the fact that exercise deprived the liver and the exercised muscles of much of their glycogen.
Serum TG decreased sharply throughout the fasted state, indicating a marked imbalance between output from the liver and uptake by peripheral tissues. The lack of significant differences among protocols suggests that neither exercise nor coffee affected plasma TG kinetics considerably. The same seems to hold for TC. On the contrary, a significant effect of exercise and coffee, both separately and in combination, on the HDLC/TC ratio was noticed at 12 and 24 h. These findings confirm the ability of a single bout of exercise to elicit favorable changes in plasma lipids (35), but are novel with respect to coffee. In view of the evidence that regular coffee consumption affects negatively the blood lipid profile (i.e., it increases total and LDL-cholesterol; 20), our finding is of interest and deserves further investigation.
The physiologic significance of the exercise-induced increase in the ratio of unsaturated to saturated serum fatty acids lies in the beneficial role of the former in human health. Apart from the well-established negative correlation between the intake of unsaturated fatty acids and the risk for cardiovascular disease, evidence has been presented in recent years linking fatty acids with insulin sensitivity. In particular, the latter has been positively correlated with the percentage of polyunsaturated fatty acids and negatively correlated with the percentage of 16:0 in the phospholipids of human skeletal muscle (6, 37) . The fatty acid composition of human skeletal muscle phospholipids was shown to be affected by exercise training; the most consistently observed changes were increases in the percentages of 18:1ω9 and ω3 fatty acids, as well as decreases in the percentages of 16:0 and ω6 fatty acids (1, 2, 17) . Although the mechanism behind these alterations is not known, they can be partly explained by the findings of the present study, i.e., the increased proportion of unsaturated NEFA (mainly 18:1ω9) to saturated NEFA (mainly 16:0) in plasma after exercise, which could be reflected in the relative uptake of these fatty acids by muscle. When these fatty acids or those produced from them by desaturation inside the muscle fibers are incorporated into synthesized phospholipids, the fatty acid profile of the latter may change in the direction reported by the studies mentioned above.
In conclusion, our data show that exercise at 50-55 % of maximal aerobic power for 1 h increased the total serum NEFA concentration above control for 10 h post-exercise. In 
